Purpose: To develop a model based on non-invasive clinical and ultrasonographic parameters for predicting the likelihood of subsequent histologic chorioamnionitis in women with preterm premature rupture of membranes (PPROM) and to determine whether the inclusion of invasive test results improves the predictive value of the model.
INTRODUCTION

Histologic chorioamnionitis occurs in approximately 50-60%
of women with preterm premature rupture of membranes (PPROM). [1] [2] [3] This condition is thought to represent antenatal inflammation/infection, which contributes to impending preterm birth and neonatal sepsis, chronic lung disease, and brain injury. [1] [2] [3] [4] [5] [6] Early and accurate diagnosis of chorioamnionitis is important, although it is limited by the fact that placental pathology cannot be evaluated before delivery. Several studies have attempted to identify rapid yet highly sensitive and specific diagnostic markers for diagnosing chorioamnionitis by analyzing factors in amniotic fluid (AF) obtained during amniocentesis, such as AF interleukin-6 (IL-6): this parameter has been reported as a significant predictor. 1, 4, 5 However, amniocentesis is an invasive procedure with accompanying risks, and a decreased AF volume in cases of PPROM often makes it
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difficult or impossible to obtain AF. Consequently, alternative approaches for non-invasive and rapid identification of chorioamnionitis are needed for women with PPROM.
Previous studies have shown that the measurement of C-reactive protein (CRP) levels or white blood cell (WBC) counts in maternal blood may be useful non-invasive techniques for diagnosing histologic chorioamnionitis before birth in women with PPROM. 7, 8 It has also been reported that gestational age at the time of rupture and parity are significant risk factors for histologic chorioamnionitis. 1, 5 However, none of these factors appear to be sufficiently sensitive or specific on an individual basis. This is perhaps because the development of imminent chorioamnionitis before or after membrane rupture during preterm gestation may potentially be influenced by various pathogenic factors, including the hosts' innate immune function and status, anatomical factors, mucosal immunity, and maternal and/or fetal genotypes. 9 It is likely that the only way to better predict the development of histologic chorioamnionitis is to use a combination of different markers. The purposes of the present study was to develop a model based on noninvasive clinical and ultrasonographic parameters for predicting the likelihood of subsequent histologic chorioamnionitis in women with PPROM and to determine whether the additional inclusion of invasive test results improves the predictive value of the model.
MATERIALS AND METHODS
The present study was conducted as a retrospective cohort study, including consecutive women diagnosed with PPROM at Seoul National University Bundang Hospital (Seongnam, Korea) between June 2004 and August 2013. The inclusion criteria were 1) singleton gestation, 2) a live fetus with a gestational age between 20+0 and 33+6 weeks, 3) transabdominal amniocentesis performed to assess the microbiologic and inflammatory status of the amniotic cavity and/or fetal lung maturity, 4) maternal blood drawn to measure WBC counts and CRP levels at the time of amniocentesis, 5) cervical length measured at the time of amniocentesis, 6) absence of active labor, defined by the presence of cervical dilatation >3 cm by sterile speculum examination, 7) no history of prior or subsequent cervical cerclage, and 8) absence of a major congenital anomaly. PPROM was defined as spontaneous rupture of the fetal membranes before the onset of uterine contractions, as diagnosed by a sterile speculum examination to confirm both AF pooling in the vagina and a positive nitrazine test. Digital examinations were not performed until the onset of labor (defined by the presence of regular and painful uterine contractions). Non-invasive clinical data collected at the time of enrollment included demographic variables (maternal age, parity, and number of previous preterm deliveries), gestational age at the time of assessment, CRP level, maternal WBC counts, and cervical length measured by transvaginal ultrasonography. Amniocentesis was immediately offered for the microbiologic assessment of the amniotic cavity to all women who were admitted with a diagnosis of PPROM. Throughout the study period, maternal WBC counts and serum CRP levels were routinely determined at the time of amniocentesis for all women with PPROM. The primary outcome was histologic chorioamnionitis and the secondary outcome was clinical chorioamnionitis. The data from a large portion of our study population were previously reported. 10 The study was approved by the Institutional Review Board of the Seoul National University Bundang Hospital (IRB no. B-1105/128-102). Written informed consent was obtained from all study subjects for the amniocentesis procedure and use of AF samples for research purposes.
AF was retrieved by transabdominal amniocentesis using an aseptic technique with ultrasound guidance. Aerobic and anaerobic bacteria, as well as genital mycoplasma (Ureaplasma urealyticum and Mycoplasma hominis), present in the AF samples were cultured according to methods previously described in detail. 11 An aliquot of AF was transferred to the hematology laboratory and examined in a hemocytometer chamber for the presence of WBCs. The absolute WBC count was calculated by multiplying the area examined by a factor of 10 and expressed as the number of cells per cubic mL. The remaining AF was centrifuged, and the supernatant was aliquoted and stored at -70°C until assayed. The samples were not subjected to freeze-thaw cycles before being assayed. IL-6 concentrations were measured with an enzyme-linked immunosorbent assay human IL-6 DuoSet Kit (R&D System, Minneapolis, MN, USA). The range of the IL-6 standard curve was 7.8-600 pg/mL. The assay was carried out by strictly following the instructions provided by the manufacturer, and all samples were measured in duplicate. The calculated intra-and inter-assay coefficients of variation were <10%. Maternal blood WBC counts were determined using an automated hemocytometer (XE-2100; Sysmex, Tokyo, Japan). The CRP concentration was measured with a latex-enhanced turbidimetric immunoassay (Denka Seiken, Tokyo, Japan) using an automated analyzer (Toshiba 200FR; Toshiba, Tokyo, Japan).
Transvaginal ultrasonographic assessment of cervical length was performed by appropriately trained doctors immediately after amniocentesis, using either an Envisor (Philips Medical System, Eindhoven, the Netherlands) or an Accuvix XQ (Medison Co. Ltd., Seoul, Korea) ultrasound machine with a 6.0 MHz transducer covered with a sterile condom. The method used to measure the cervical length has been previously described. 12 Three measurements were taken, and the shortest distance was considered as the cervical length.
Histologic chorioamnionitis was diagnosed in the presence of acute inflammatory changes in any of the tissue samples (amnion, chorion-decidua, umbilical cord, and chorionic plate), using previously published criteria. 4 Funisitis was diagnosed by the presence of neutrophil infiltration into the um-bilical vessel walls or Wharton's jelly. Clinical chorioamnionitis was defined according to the criteria proposed by Gibbs, et al. 13 Composite neonatal morbidity was defined as the presence of one or more of the following, which were diagnosed according to the definitions previously described in detail: respiratory distress syndrome, 4 bronchopulmonary dysplasia, 14 early-onset neonatal sepsis, 15 periventricular leukomalacia, 16 and necrotizing enterocolitis. 17 Prophylactic antibiotics were given, although the type of antibiotic was left to the discretion of the attending obstetrician. Ampicillin was the primary antibiotic used. Meanwhile, erythromycin or azithromycin was additionally administered in many cases. Treatment with corticosteroids and antibiotics was started after amniocentesis.
Shapiro-Wilk and Kolmogorov-Smirnov tests were used to test for normal distribution of the data. Univariate analysis was conducted with Student's t-test, Mann-Whitney U test, χ 2 test, or Fisher's exact test. A multivariable logistic regression analysis was then performed using the forward stepwise technique to develop models for predicting the development of histologic chorioamnionitis. Two separate models were constructed for each non-invasive variable along with the combination of non-invasive and invasive parameters. Model 1 only included non-invasive variables. Model 2 included several variables (AF WBC count, AF IL-6 level, and AF culture results) associated with invasive amniocentesis, in addition to the non-invasive parameters. The linearity assumption was assessed by fitting models with spline transformations and testing the extra parameters against zero. For the logistic regression model, all factors were entered as dichotomous variables, because the assumption of linearity in the logit was not satisfied, especially for gestational age, maternal blood WBC count, AF WBC count, and IL-6 concentration. Receiver operating characteristic (ROC) curves were used to identify the best cut-off values for the dichotomization of variables. The optimal cut-off values were obtained based on the Youden index maximum: [(sensitivity+specificity)-1]. 18 Risk scores based on each model were calculated according to the coefficients of variables obtained from the forward stepwise modeling. pvalues <0.2 from the univariate analysis were required for entry into the stepwise modeling, and a p-value <0.05 was required for final inclusion in the model. Goodness-of-fit of the logistic regression model was assessed by the Hosmer-Lemeshow test. Tests for interaction were performed by entering cross-product terms into the logistic models. The discriminatory ability of the model was assessed by the ROC curve analysis. The value that maximized the sum of the sensitivity and specificity was considered the best cut-off point. To determine whether or not additional invasive test results improved the prediction of histologic chorioamnionitis based on the noninvasive model, we estimated the statistical significance of the difference in the area under the ROC curve (AUC) between models 1 and 2 using the method previously described by Hanley 
RESULTS
During the study period, there were 8401 live singleton births at our tertiary referral hospital. Two hundred seventy-three women were diagnosed with PPROM between 20+0 and 33+6 weeks of gestation. Of these 273 women, 181 consecutive women diagnosed with PPROM who fulfilled the inclusion criteria were recruited for this study. Out of the 181 women, AF samples from seven women were not available for IL-6 measurement (four patients with a negative AF culture and three patients with a positive culture); 17 had an incomplete data set [lack of placental pathology (n=6), lack of AF WBC counts (n=2), lack of cervical length measurements (n=7), or lack of maternal serum CRP levels at the time of amniocentesis (n=2)]; three had a history of cervical cerclage placement during the index pregnancy; and eight patients were transferred to another hospital. These women were subsequently excluded from the study, leaving a total of 146 women suitable for evaluating the relationship between histologic chorioamnionitis and the covariates. Table 1 shows the demographic and clinical characteristics of the women according to the presence or absence of histologic chorioamnionitis. There were no statistically significant differences in the mean maternal age, cervical length, the distribution of parous and non-parous women, or the prevalence of previous spontaneous preterm delivery between the two groups. However, women with histologic chorioamnionitis had a significantly lower mean gestational age at the time of amniocentesis and delivery, higher mean maternal serum CRP levels and WBC counts, and a higher rate of clinical chorioamnionitis than did those without histologic chorioamnionitis. Moreover, the median AF WBC counts and AF IL-6 levels, and the proportion of positive AF cultures were significantly higher for women with histologic chorioamnionitis than subjects without the disorder.
The ROC curves of non-invasive and invasive parameters for predicting histologic chorioamnionitis are presented in Fig. 1 . All the curves were above the 45° line, indicating a significant relationship between these factors and histologic chorioamnionitis. The best cut-off values for predicting histologic chorioamnionitis were 32.0 weeks for gestational age (sensitivity of 61% and specificity of 78%), 10600 cells/mm 3 for maternal blood WBC count (sensitivity of 62% and specificity Seven infants who were not actively resuscitated at birth due to extremely low gestational age (less than 23.4 weeks) were excluded. 
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of 61%), 5.1 mg/L for serum CRP concentration (sensitivity of 53% and specificity of 75%), 10 cells/mm 3 for AF WBC count (sensitivity of 69% and specificity of 61%), and 2.4 ng/mL for AF IL-6 concentration (sensitivity of 62% and specificity of 78%).
In an attempt to better predict which women with PPROM would have histologic evidence of chorioamnionitis using a non-invasive technique, a multivariable analysis was conducted with a stepwise logistic regression model. All continuous variables were dichotomized using the cut-off values derived from the ROC curves, because the assumption of linearity in the logit was not verified. After the exclusion of variables (i.e., AF IL-6 level, AF WBC count, and AF culture results) for invasive amniocentesis, four variables with a significant correlation or a tendency towards an association with histologic chorioamnionitis based on the univariate analysis (p<0.2) were entered into the multivariate model (parity, gestational age at assessment, serum CRP level, and maternal blood WBC count). The final variables retained in the non-invasive model were gestational age at the time of assessment and serum CRP levels ( Table 2 ). There was no statistically significant interaction between these two variables. The discriminatory ability of this model was 0.742 [95% confidence interval (CI), 0.661-0.823], demonstrating a reasonably good capacity to discriminate between women with and without histologic chorioamnionitis. The Hosmer-Lemeshow test showed an adequate fit of the model studied (p=0.389). A cut-off value ≥0.32 was identified as the optimal threshold for risk score, with a sensitivity of 89% (95% CI, 80-95%) and specificity of 51% (95% CI, 39-63%) to predict the occurrence of histologic chorioamnionitis. Positive and negative likelihood ratios were 1.83 (95% CI, 1.40-2.40) and 0.21 (95% CI, 0.10-0.40), respectively. A further risk score was then identified using the four variables of the initial non-invasive model and three variables (i.e., AF IL-6 level, AF WBC count, and AF culture results) for invasive amniocentesis. Ultimately, seven variables were included in this model (model 2). When including AF IL-6 concentration, AF WBC count, and AF culture results as invasive markers in the non-invasive model (model 1), serum CRP level, parity, and maternal WBC count were insignificant and excluded from the final model (model 2), whereas AF IL-6 and gestational age were retained (Table 2) . No interaction between these two predictors was demonstrated. The Hosmer-Lemeshow test showed an adequate fit of the model studied (p=0.927). AUCs for predicting histologic chorioamnionitis were 0.742 for model 1 and 0.757 for model 2 (Fig. 2) . These values were not significantly different (p=0.623).
To assess the relationship between clinical chorioamnionitis and the covariates, we repeated the same analyses described above for 146 women with PPROM. As shown in Table 3 , no parameters studied, including both non-invasive and invasive factors, were found to identify women at high risk for developing clinical chorioamnionitis. .001 CRP, C-reactive protein; AF, amniotic fluid; IL-6, interleukin-6; S.E., standard error. *Formula that was generated to predict histologic chorioamnionitis was as follows: Y=loge (Z)=-1.289+1.589 (if gestational age at assessment was ≤32.0 weeks)+0.960 (if serum CRP was ≥5.1 mg/L). Z=e y and risk (%)=[Z/(1+Z)]×100, † Formula that was generated to predict histologic chorioamnionitis was as follows: Y=loge (Z)=-1.241+1.249 (if gestational age at assessment was ≤32.0 weeks)+1.269 (if AF IL-6 was ≥2.4 ng/mL). Z=e y and risk (%)=[Z/(1+Z)]×100. 
DISCUSSION
The principal findings of this study suggest that 1) a model based on non-invasive clinical and laboratory parameters (gestational age and maternal CRP) is effective for predicting subsequent development of histologic chorioamnionitis in women with PPROM and 2) invasive test results requiring amniocentesis, such as AF IL-6 levels, do not add predictive information to the non-invasive model. Similar observations have been reported in the setting of intra-amniotic inflammation and imminent preterm delivery in women with PPROM by our and other groups. 2, 10, 20 Collectively, these findings are relevant given that amniocentesis (a costly and invasive procedure) may be avoided, and underscore the importance of considering multiple clinical and laboratory factors when assessing the likelihood of early intrauterine infection.
At a lower gestation, the most important characteristics of an ideal diagnostic test for infection in cases of PPROM should have very high specificity to reduce the risk of intervention in response to a false positive test, which could lead to an unnecessary elective preterm birth. Therefore, from a clinical perspective, this non-invasive model can be recommended as a screening tool for predicting intrauterine development of infection at early stage rather than a diagnostic test. While the results of our non-invasive model may not provide a definitive diagnosis, it could help identify high-risk women who require more intensive observation and treatment, as well as risk-specific intervention (i.e., amniocentesis), during antenatal periods following PPROM.
In the present study, we recorded a prevalence of histological chorioamnionitis of 50.7% (74/146), which is in agreement with findings from previous studies. 7 In accordance with these previous investigations, 7 we found that elevated CRP levels are associated with subsequent histologic chorioamnionitis in women with PPROM. Our data also demonstrated the superiority of measuring AF IL-6 concentrations, compared to CRP determination, in terms of predicting the occurrence of histologic chorioamnionitis. Nevertheless, the performance of CRP in this study for the prediction of histologic chorioamnionitis was worse than that observed in previous work from our institution (AUC, 0.617 vs. 0.760; p=0.039). 5 The apparent discrepancy between the current finding and those from the previous study is most likely related to one of the enrolment criteria of the previous study (delivery within 72 hours after sampling). Seven infants who were not actively resuscitated at birth due to extremely low gestational age (less than 23.4 weeks) were excluded.
Based on the data reported by Fisk, et al., 21 showing that CRP elevation often precedes clinical infection or delivery by several days, we believe that CRP accurately serves as histologic evidence of chorioamnionitis within a few days before delivery. This might also be a contributing factor for better performance of CRP in the previous study.
Contrary to preterm labor with intact membranes, 22, 23 neither cervical length nor latency period (time from PPROM to delivery) was associated with the risk of subsequent histologic chorioamnionitis in women with PPROM. These observations are consistent with data from previous reports. 24, 25 Significant differences between PPROM and preterm labor with intact membranes in terms of cervical length and latency are probably related to the fact that systemic antibiotic therapy is routinely given to women with PPROM, while systemic antibiotic prophylaxis is not typically administered in cases of preterm labor. For patients with PPROM, administration of antibiotics, which has been shown to significantly reduce the incidence of histologic chorioamnionitis, prolong pregnancy, and improve neonatal outcomes, 26, 27 may potentially prevent a possible ascending infection or ameliorate local damage to the placenta already experiencing acute inflammation.
Variations in the reported incidence of clinical chorioamnionitis are wide, ranging from 7% to 29%. 28 In the present study, the finding that 8.9% of women in our cohort showed clinical evidence of chorioamnionitis is similar to data from a recent report evaluating a retrospective cohort of 430 patients with PPROM that had a clinical chorioamninitis prevalence of 13%. 29 In contrast to histologic chorioamnionitis, no parameters studied in our cohort could be used to predict which women were at a high risk for developing clinical chorioamnionitis. This finding is inconsistent with ones from previous reports published in the 1990s by different authors. 8, 28 The discrepancy between our findings and those of other groups may be related to recent changes in PPROM management regarding the recommended timing of delivery and antibiotic treatment, and different gestational ages at the time of inclusion. The routine policy of management for women with PPROM in our hospital, including the use of prophylactic broad-spectrum antibiotics and induction of labor at around 34.0 weeks, may reduce the risk of developing clinical chorioamnionitis that may occur late in the course of intrauterine infection and thus influence the identification of patients destined to develop an obvious symptomatic infection.
Our study had a number of limitations. First, the investigation was limited by its retrospective nature. Our findings should therefore be confirmed by prospective studies. Second, we lacked data for some previously reported important biomarkers in non-invasive samples of women presenting with PPROM, such as cervicovaginal fluid, 20 which help clinicians discriminate between women at high risk and low risk for subsequent histologic chorioamnionitis. Third, we did not perform a full characterization of inflammatory cytokines in the AF samples, as previously reported for women with PPROM; we only measured IL-6 levels, as AF IL-6 concentrations are consistently reported to be the best predictor of histologic chorioamnionitis. 1, 4 Fourth, our results were not validated in a different hospital or with a different patient population. Therefore, the generalizability of our non-invasive model is limited. Fifth, the design of our study is likely to reduce the statistical power available to test our hypothesis by dichotomizing continuous independent parameters, 30 although the final results are almost the same whether the variables added to the multivariate model were continuous variable or dichotomized. C-index values for model 1 and 2 with all continuous variables retained as continuous were 0.768 and 0.786, respectively. The strength of this study is that the influence of histologic chorioamnionitis on neonatal outcomes was evaluated, and the importance of predicting histologic chorioamnionitis was therefore evaluated in terms of improving the outcomes of pregnancy management for cases of PPROM.
In conclusion, a model based on non-invasive clinical and laboratory parameters (gestational age and maternal CRP) was effective for predicting the subsequent development of histologic chorioamnionitis in women with PPROM. Invasive test results requiring amniocentesis, such as AF IL-6 levels, did not add predictive information to the non-invasive model in this setting. None of the parameters studied (non-invasive or invasive parameters) could be used to identify women at high risk for the development of clinical chorioamnionitis. Additional large, prospective studies, especially those focused on serial estimations of clinical and laboratory variables, are required to confirm our findings.
